The accuracy of Monte Carlo (MC) simulation results relies on validating the MC models used in the calculations. In this work, a MC model for the NACP-02 plane-parallel ionization chamber was built and validated against megavoltage electron backscatter experiments using materials of water, graphite, aluminium and copper. Electron energies ranged between 6-18 MeV and the chamber's air cavity was at the depth of maximum dose, z max . A chamber model based on manufacturer's specifications resulted in systematic discrepancies of several percents between measured and simulated backscatter factors. Tuning of the MC chamber model against backscatter factors to improve agreement increased the chamber's front window mass thickness by 35% over the reported value of 104 mg cm −2 in the IAEA's TRS-398 absorbed dose protocol. The large increase in chamber window mass thickness was verified by measurements on a disassembled NACP-02 chamber. The new backscatter factor results based on the tuned MC NACP-02 chamber model matched the experimental results within 1-2 standard deviations. We conclude therefore that for MC simulations near z max , tuning of the NACP-02 chamber model against experimental backscatter measurements is an acceptable method for validating the chamber model.
the reliability of the MC results depends strongly on the validity of the models used to simulate reality. MC models of radiotherapy equipment rely on specifications provided by the manufacturers. Unfortunately, these specifications often may be outdated or not as detailed as required for accurate simulations. Therefore it is important to benchmark the MC models with measurements. In radiotherapy, there have been extensive investigations into validating MC models of linear accelerators (Verhaegen and Seuntjens 2003, Ma and Jiang 1999) . Less work, however, has been done to benchmark ionization chamber models (Verhaegen 2003 , Seuntjens et al 2002 . This could potentially be important as MC models of ionization chambers are used to calculate chamber perturbation correction factors (Buckley and Rogers 2006a , 2006b , Sempau et al 2004 , Ma and Nahum 1994 .
This work focused on validating the MC model of the NACP-02 plane-parallel ionization chamber. This chamber is commonly used in electron radiation dosimetry (Thwaites et al 2003 , Andreo et al 2000 and has been modelled using MC to calculate chamber perturbation correction factors Rogers 2006b, Verhaegen et al 2006) . To verify the MC model of the NACP-02 ionization chamber, backscatter measurements using megavoltage electron beams were performed and compared against simulated results. This technique has already been performed by Verhaegen et al (2006) . However, in that study, there was difficulty in obtaining better than 1% agreement even for high electron energies (9 and 15 MeV) and low Z backscatter materials (aluminium and graphite). The motivation for this study was to improve the MC chamber model for a wider range of materials and energies.
Materials and methods

Percent depth dose (PDD) measurements
The MC model for the megavoltage electron beam source was validated against percent depth dose measurements (PDD) in a water phantom. The electron beam energies of 6, 9, 12, 15 and 18 MeV used for this work were provided by a Varian CL2300C/D clinical linear accelerator (linac). The Varian linac MC model was based on previous extensive investigations by Huang et al (2005) ; thus only electron energy tuning against PDD curves measured in water was done in this work. The PDD measurements were made with an EFD electron diode detector in a RFA-300 water tank (Scanditronix, Sweden). The source-to-surface distance (SSD) was 100 cm. For nominal electron energies 6-9 MeV, the field size was 10 cm × 10 cm and for nominal electron energies 12-18 MeV, the field size was 15 cm × 15 cm. Silicon-to-water stopping power ratios were not used to correct the diode measurements as Wang and Rogers (2007) have shown that the EFD diode response per unit dose to water is constant as a function of electron beam energy and depth.
Backscatter measurements
In the experimental setup for the backscatter measurements, the electron beam was pointing upwards and the applicator was 10 cm × 10 cm for the beam energies 6-9 MeV and 15 cm × 15 cm for the beam energies 12-18 MeV (figure 1). The phantom material was PMMA for electron beam energies 6-12 MeV and solid water for energies 15 and 18 MeV. The choice of different phantom materials was influenced by equipment availability and not by any particular experimental requirement. The mass density, electron density and effective atomic number are, respectively, grade) (Khan 1994) . Solid water simulates the radiological properties of water better than PMMA but it is more expensive.
The bottom of the phantom was at SSD 100 cm. The NACP-02 ionization chamber was embedded in the phantom with its front window flush with the top surface of the phantom. For all energies, the combined water equivalent thickness of the phantom buildup and chamber backing corresponded to the depth of maximum dose, z max , in water. That is, the back wall of the chamber was at z max . The z max depth was chosen as it is in the region of charged particle equilibrium (CPE); therefore making the tuning of the MC chamber model (section 2.3) easier as the measured backscatter factors will be less sensitive to small errors in chamber positioning 4 . The backscatter factor (BSF) in this experiment is defined as the ratio of Q bs /Q air , where Q bs is the ionization measurement obtained with a certain thickness of backscatter plate (copper, aluminium, water or graphite) and Q air is the measurement with air above the chamber. Each ionization measurement was repeated 5-8 times from which the type A experimental uncertainty was derived. The purity of the copper plates was 99.9%, while that of the aluminium material was 99%. The density of the graphite backscatter plates was 1.84 g cm −3 . Water backscattering material was held in a cylindrical vessel with a PMMA wall with a 15.2 cm outer diameter, a 13.9 cm inner diameter and a height of 10 cm. The vessel bottom was sealed with a mylar sheet of thickness 0.1 mm. After the vessel was filled with water to a certain height, the top of the container was also covered with a 0.1 mm thick mylar sheet to prevent evaporation of the water. The vessel was then placed on top of the chamber. Measurements were not corrected for the polarity effect as several test cases revealed the effect on BSF values to be less than 0.05%. 
Monte Carlo simulations
The linac model was built using the EGSnrcMP user code BEAMnrcMP . Calculated electron PDD curves in water used energy cutoffs of 10 keV and the difference between the simulated and measured beam quality specifier, R 50 (Burns et al 1996) , was less than 0.05 cm. Table 1 lists the tuned primary energies from the simulations. The MC model for the NACP-02 plane-parallel ionization chamber was built using the EGSnrcMP user code CAVRZnrc (Rogers et al 2005) . Its cylindrical shape has a total diameter of 3 cm and a height of 1 cm. The chamber air cavity is 2 mm thick with an active volume diameter of 1 cm surrounded by a 3 mm guard ring. The active volume is the dotted region shown in figure 2 and amounts to roughly half the air volume. The thin front window is composed of a mylar foil and a graphite electrode with a combined mass thickness of 104 mg cm −2 (Andreo et al 2000) . The chamber also has a thick graphite backing and is housed in a rexolite casing. Rexolite, also known as rexolite 1420 (William Brand-Rex Division, Concord, MA), is a cross-linked styrene copolymer with high electrical resistance and density similar to polystyrene.
Using phase-space files containing electrons and contaminant photons collected at the phantom surface, BSF values were calculated as D bs /D air , where D bs is the calculated dose to air in the scoring region with a backscatter plate on top of the chamber front window and D air is the calculated dose with only air on top. Each dose simulation used 1.5 billion particles resulting in D bs /D air values having a statistical uncertainty with a standard deviation on the mean of 0.2-0.3%. For our energy range, the dose to air ratio D bs /D air is equivalent to the measured ionization in air ratio Q bs /Q air as the ratio of energies required to form an ion pair in air (W/e) bs /(W/e) air is considered invariant (Verhaegen 2003) . Cutoff transport values for the electrons and photons, ECUT and PCUT, were set to 1 keV in the scoring region and immediate surrounding regions and 10 keV in all other regions. Calculated and measured BSF values were compared. The MC NACP-02 chamber model was tuned with the aim of matching the calculated and measured BSF values to within 0.2%. Tuning options included increasing the chamber graphite density from 1.7 g cm −3 to 1.8 g cm −3 and varying the thicknesses of certain chamber layers as indicated in figure 2.
Results
BSF values calculated using a MC NACP-02 chamber model based on simplified diagrams from the manufacturer were systematically greater than the measured BSF values by 1-3%. Complete blueprints from the manufacturer were not available. Varying the thickness of different parts of the chamber was attempted but it was determined that only tuning of the chamber's front window thickness and density of the chamber's graphite walls would likely have the greatest impact on the simulation results. Graphite density was increased by 6% to 1.8 g cm −3 , while the thicknesses of the front window's mylar foil and graphite electrode were increased by 10% and 40%, respectively. These adjustments greatly improved the agreement between calculated and measured BSF values to within 1%, 0.5%, 0.36% and 0.36% for copper, aluminium, graphite and water, respectively for the Varian linac energies 6-18 MeV. In other words, all measured and simulated BSF values for water and graphite matched within 1 standard deviation while results for the aluminium and copper BSF values were within 1-2 standard deviations. BSF results after chamber tuning are shown in figure 3 with uncertainty bars of 1 standard deviation.
While increasing the front window's graphite thickness by 40% may seem quite dramatic, a malfunctioning NACP-02 ionization chamber became available for dissection at the end of this project. Although exact figures cannot be given due to a confidentiality agreement with the chamber's manufacturer, measurements performed by the National Physical Laboratory (NPL) in the UK showed that the mylar foil was 70% thicker than specified by the manufacturer. As for the graphite front window, the manufacturer's specification for its thickness was correct but measurements showed that the front window's graphite density is approximately 2.25 g cm −3 , while the graphite in the chamber's back wall is approximately 1.75 g cm −3 . It turns out then that the tuned NACP-02 chamber model and the sacrificed NACP-02 chamber have approximately the same front window mass thickness of 140 mg cm −2 . This number is 35% greater than the 104 mg cm −2 listed in the IAEA's TRS-398 absorbed dose protocol. As good agreement between measured and calculated BSF values was achieved for our tuned NACP-02 chamber model for electron energies 6-18 MeV, all other differences between our tuned chamber model and the sacrificed chamber were considered minor for the electron beam energies 6-18 MeV and at depth z max .
Conclusions
In this work, backscatter measurements were used to validate a Monte Carlo model of the NACP-02 plane-parallel ionization chamber. The initial model, based on the specifications provided by the chamber's manufacturer, resulted in large systematic discrepancies of several percent between simulated and measured backscatter factors. Adjustments to the Monte Carlo chamber model were made that increased the chamber's front window mass thickness by nearly 35% to 140 mg cm −2 . Although greater than the 104 mg cm −2 listed in the IAEA's TRS398 dosimetry protocol, the mass thickness value was verified by measurements on a sacrificed NACP-02 chamber. Measurements also revealed that the mass density of the graphite of the chamber front window is 29% greater than the graphite in the chamber backing. The new tuned NACP-02 chamber simulation model produced good agreement between the measured and calculated backscatter factors for the electron energies 6-18 MeV and at depth z max .
